Periodic Mesoporous Organosilicas (PMOs) have been used as precursors to produce porous Silicon Oxycarbide glasses after pyrolysis at 1000°C in inert atmosphere. Up to now only PMOs with cubic ordering could be successfully converted into an ordered mesoporous SiCO glass. In our work we prepared, under strong acidic media and using an inorganic salt, a PMO with cubic Fm3m phase starting from 1,2-bis(triethoxysilyl)ethane as organosilane and PluronicF127 as templating agent. The as-prepared PMO has been characterized by XRD (Synchrotron beamline), N 2 adsorption/desorption and multinuclear solid state NMR ( 29 Si, 13 C). After pyrolysis under argon flow the Fm3m phase is retained and the sample still displays a high surface area of 260 m 2 /g. Further characterizations were performed by 29 Si MAS NMR and at 1000°C the product can be described as a true SiCO glass with mixed SiC x O 4-x units (0x4).
Introduction
The expression 《Silicon Oxycarbide glasses (SiCO)》 refers to SiO 2 based-networks in which carbon atoms are introduced resulting in the formation of mixed SiC x O 4-x tetrahedra. The presence of covalent Si-C bonds yields to better chemical, mechanical and thermal properties compared to those of traditional silica glasses, only based on Si-O bonds.
1)-3) Such SiCO glasses can be prepared through pyrolysis under inert atmosphere of cross-linked polysiloxane networks containing Si-R bonds (R＝ H, CH 3 , CH 2 CH 3 , C 6 H 5 , ...). 4)-6) Up to now many polymeric precursors have been investigated either prepared from sol-gel chemistry out of molecular alkoxysilanes 4),5),7)-12) or just starting from commercially available polysiloxanes 6),13)- 16) or even modified polycarbosilanes.
17)-20)
The SiCO polymeric precursor is often rich in carbon, leading to the formation after pyrolysis of an additional free carbon phase (C free ) which coexists with the silicon oxycarbide network, but does not seem detrimental to the properties above-mentioned. The final composition of the glass can thus be written SiC x O 2(1-x) ＋yC free with x and y values strongly dependent from the initial precursor composition. Until now, studies have been mainly targeted to the preparation of dense SiCO glasses. But in the recent years the discovery of the Periodic Mesoporous Organosilicas (PMOs) 21)-23) offered a new scheme to produce SiCO glasses with controlled porosity. The family of PMOs exhibits some outstanding features: i) simultaneous presence of Si-C and Si-O bonds ii) ordered mesoporosity that can be tuned by changing the synthetic parameters (nature of surfactant, precursor, pH...) iii) high surface area and pore volume. Combination of the high temperature properties of SiCO networks with the possibility to tune the porous structure in terms of topology and pore volume could be useful to design porous silicon oxycarbide glasses for applications in domains like catalysis 24) and separation techniques 25) when severe operating conditions are required.
To our knowledge, only our group has reported on the use of PMOs to produce porous SiCO. Toury et al. 26 ),27) starting from two bis-trialkoxysilyethane (R′ 3 -Si-CH 2 -CH 2 -Si-R′ 3 called BTME when R′ ＝OMe and BTEE when R′ ＝OEt) and ionic surfactant like cetyltrimethylammoniumchloride (CTAC) synthesized PMO with cubic Pm3n or 2-D Hexagonal structures. After pyrolysis, only the cubic phase retained both structure and porosity up to 1000°C and displayed a true SiCO phase. The 2-D Hexagonal one collapsed at 800°C. Masse et al. 28 ) prepared a 2D-Hexagonal PMO using BTEE and a Pluronic triblock copolymer P123 [(PEO) 20 (PPO) 70 (PEO) 20 ] as surfactant. Even in this case, the 2D-Hexagonal structure did not produce any porous SiCO phase after pyrolysis, even if in that case, the ordered structure was partially retained. This could be attributed to the thicker pore walls obtained when Pluronic templating agents are used.
However, the mechanism of transformation of PMO into the final glass is still unclear. It seems that one crucial factor to obtain porous SiCO from PMOs stands in the preparation of cubic-structured precursors; also the use of templating agents that ensure thick walls could prevent the collapse of the porous structure. In this study, we have thus explore the possibility to use PluronicF127 [(PEO) 106 (PPO) 70 (PEO) 106 ] as structuring agent together with BTEE, since PMO with a cubic Im3m structure was already reported in the literature. 29) The resulting pyrolyzed product at 1000°C under argon flow indeed exhibits a cubic organization with The samples were prepared following the method proposed by Guo et al. 29) In a typical synthesis, 0.9 g of Pluronic F127 followed by 5 g of K 2 SO 4 were carefully added to 40 g of 0.7 M HCl solution under mild stirring at 40°C. After complete dissolution 3.22 g of BTEE were added. The mixture kept in a closed plastic bottle was stirred for 24 h then aged under static conditions in a drying oven at 85°C for further 24 h. The white precipitate was recovered by filtration, washed several times with distilled water and dried at 37°C for more than 24 h. The surfactant was removed by the procedure reported by Inagaki et al. 30) (1 g of as-synthesized sample was refluxed for 6 hours in 150 ml of absolute ethanol and 3.9 g of HCl 35).
The conversion into SiCO glasses was achieved by pyrolyzing the powders under argon flow up to 1000°C (heating rate 5°C/min) for 2 h in a tubular furnace.
Characterization
The X-Ray diffraction patterns were recorded at ELETTRA, Trieste (Italy) on the SAXS synchrotron beamline (Cu Ka radiation l＝0.154178 nm) in the range 0.52u 3. Transmission Electron microscopy (TEM) micrographs were performed using a JEOL 100CXII electron microscope. The powders were first embedded into a resin and subsequently microtomed. Solid state Magic Angle Spinning NMR (MAS-NMR) as well as Cross Polarization coupled with Magic Angle Spinning (CP MAS-NMR) experiments were recorded with a Bruker AVANCE 300 spectrometer using a 7 mm rotor diameter. 29 Si and 13 C NMR experiments were carried out at frequencies of 59.62 MHz and 75.47 MHz respectively. For 29 Si MAS NMR analysis, 30°pulse (2.5 ms) and 100 s-recycle delay were used to account for the long T 1 relaxation time of 29 Si nuclei in such samples while CP MAS NMR measurements were performed with a contact time of 2 ms and recycle delays of 2 s. Chemical shifts are referred to tetramethylsilane (TMS).
The N 2 adsorption/desorption isotherms were measured at 77 K using a Micrometrics ASAP 2010 surface analyzer at relative pressure P/P o ranging from 0.05 to 0.99. Samples were outgassed at 140°C overnight before analysis. The specific surface area was determined by the BrunauerEmmet-Teller (BET) method in the range 0.05＜P/P o ＜ 0.30. Total pore volumes were estimated from the amount of N 2 adsorbed at P/P o ＝0.99.
The weight change curve was measured up to 1000°C on a thermobalance TGA/SDTA 871 METLER TOLEDO thermogravimetric analyzer (heating rate 5°C/min). Elemental analysis of the ceramic product was carried out by hot gas extraction.
Results and discussion 3.1 Extracted material (SiCO precursor)
The surfactant extracted material has been characterized before pyrolysis in order to evaluate its suitability as precursor for porous SiCO.
XRD The X-Ray diffraction pattern ( Fig. 1(a) ) using synchrotron radiation reveals one well-resolved peak at very low angle (2u＝0.73) whilst a second less-intense signal appears at higher angle (2u＝1.16). In the literature 29),31), 32) for similar systems, cubic phases (Fm3m or Im3m) were already reported. In the present case, the two signals can be tentatively indexed as the (111) and (220) reflections (d＝ 12.6 nm and 7.6 nm respectively) of a Fm3m cubic phase with a lattice constant a＝21.5 nm. The (200) reflection is also expected at 2u＝x, and may overlap with the intense (111) signal. N 2 adsorption/desorption isotherms Type IV isotherm ( Fig. 2(a) ) with a broad H2 hysteresis loop is found suggesting large cage-type mesopores 33) i.e. mesopores with entrances smaller than the diameter of the cage itself. The initial volume adsorbed can be related to the presence of micropores while stepless capillary condensation can indicate mesopores with inhomogeneous distribution in sizes. On the basis of this isotherm the BET surface area and the pore volume are 1075 m 2 /g and 0.7 cm 3 /g respectively. Solid state NMR The 29 Si CP MAS NMR spectra of the SiCO precursor before and after extraction of the surfactant (Fig‚ 3(a) and 3(b) 
are observed in the area between -80 and -110 ppm indicating that no cleavage of Si-C bonds took place yet (C/Si ratio＝1). The 13 C CP MAS NMR spectrum before extraction (Fig. 4(a) ) shows no trace of residual ethoxy groups, proving that X＝OH. In that sample, T 2 (＝53) units are the predominant species (T 1 ＝4 T 3 ＝43) 
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JCSJapan revealing an incomplete condensation of the network (0.61 Si-OH per Si). 35) After surfactant extraction (Fig. 3(b) ), the distribution of Si sites is preserved with the absence of Q units and a similar T 3 /T 2 ratio (0.73). The changes caused by the surfactant extraction procedure is revealed by the 13 C CP MAS NMR spectrum (Fig. 4) . The intense signal at 5 ppm assigned to the Si-CH 2 -CH 2 -Si linkages remains. The signals at 71 ppm (-OCH 2 CH 2 O-), 76 ppm (-OCH(CH 3 ) CH 2 O-) and 18 ppm (-OCH(CH 3 )CH 2 O-) from F127 decrease in intensity, but are still present. And interestingly, a new signal is present at 58 ppm attributed to the presence of ethoxy groups (Si-OCH 2 CH 3 ) that is combined with a peak at 17 ppm that overlaps with the signal from the residual PO moieties. These groups result from the reaction of ethanol with the silica surface during surfactant extraction. By comparing relative intensities between the peak at 5 ppm (Si-CH 2 -CH 2 -Si) that does not change during the treatment, and the peak at 71 ppm (-OCH 2 CH 2 O-), we can roughly estimate that 70 of surfactant was removed. Indeed, TG analysis under air (not reported here) confirms this result.
TGA Thermogravimetric analysis was performed under argon atmosphere up to 1000°C (Fig. 5) . The initial weight loss (14) below 100°C comes from thermo-desorption of water and/or evolution of ethanol due to the completion of condensation reactions. The weight loss between 200°C and 400°C (7) can be primarily related to surfactant decomposition and perhaps to secondary minor decomposition of framework. A third weight loss (7) occurs up to 600°C. It can be caused by redistribution of Si-C and Si-O bonds in the network. Nonetheless it is difficult, with only TGA data, to determine exactly the onset temperature for the decomposition of the ethane linkages since the weight losses may be related to various simultaneous thermal 
events. Further investigations combining analysis by mass spectrometry of the outgoing gases are currently under progress. However, from this curve, one can assume that by 1000°C, most of the starting organosilica framework has been converted into an inorganic product.
SiCO glass
The SiCO precursor was thus pyrolyzed at 1000°C under Ar flow and the resulting black powder was characterized to verify whether the porous structure was retained, and to identify the chemical nature of the sample.
XRD X-ray diffraction pattern ( Fig. 1(b) ) confirms the presence of ordering even after pyrolysis at 1000°C. Three well-resolved peaks can be observed at 2u＝0.95, 1.06 and 1.50 that can be assigned to the (111), (200) and (220) reflections of a Fm3m cubic phase 36 with a unit cell a＝16.6 nm, similarly to what was found for the SiCO precursor sample. A contraction of the cell parameter (23) is observed that is mainly due to a decrease in wall thickness rather than a decrease in pore size, which is not observed (see below paragraph on N 2 adsorption/desorption isotherm). The reduction in wall thickness is understandable if one considers the profound structural changes that occur during the pyrolysis process. However, despite these large changes, the peaks are sharper than in the SiCO precursor pattern ( Fig. 1(a) ) showing extended long-range order. The good quality of the X-ray pattern allows to observe two additional peaks at 2u＝1.33 and 1.64 that may be due to the presence of a secondary phase that might intergrowth or twins 31 with the main one. TEM Observations made by Transmission Electron Microscopy on microtomed sections show direct evidence for ordered porosity in the pyrolyzed sample (Fig. 6) with combination of ordered and wormlike distribution of mesopores. The ordered areas (Fig. 6(a) ) display domains with different orientations that recall those of a cubic phase. However it is clear that further studies will be required in order to be consistent with the XRD results. Pore size can roughly be estimated between 4 and 6 nm.
N 2 adsorption/desorption The isotherm recorded on the pyrolyzed sample (Fig. 2(b) ) still exhibits a type IV-like behaviour but with a narrower H2 hysteresis loop. Both surface area (262 m 2 /g) and pore volume (0.2 cm 3 /g) decreased suggesting a partial collapse of the porous structure in some sample regions. Comparison between the two isotherms presented in Fig. 2 shows a shift of the capillary condensation step in the adsorption isotherm, which could correspond to a decrease to some extent, of the pore diameter. The results are summarized in Table 1 . 29 Si MAS NMR The 29 Si MAS NMR spectrum of the pyrolyzed sample (Fig. 3(c) ) is characteristic of a silicon oxycarbide phase with signals corresponding to a distribution of SiC x O 4-x units (where 0x4). Ceramization modifies both silicon and carbon local environments leading to a redistribution of the Si and C sites in the network. Indeed, at 1000°C three signals at -105, -72 and -35 ppm can be clearly identified as Q [x＝0; 52], T [x＝1; 32] and D [x＝2; 13] units respectively. The presence of Q signal reveals that during heating cleavage of Si-C bonds occurred which leads to the formation of a free carbon phase. Furthermore, shifting of the T signal to lower ppm values (8 ppm with respect to T 3 unis in the SiCO precursor) suggests a drastic change in the local environment of carbon atoms directly bonded to silicon, via the transformation of C-H bonds into C-Si bonds. A fourth weak and broad signal may even be observed between 0 and -20 ppm, but is rather difficult to assign precisely to M [x＝3] or X [x＝4] units. The best simulation (see inset in Fig. 3 ) was obtained with a peak at -6 ppm (3) that is probably a combination of M and X units. This simulated spectrum ( Table 2 ) allows estimation of the stoichiometry of the SiCO phase. Assuming that at 1000°C each C atom is bonded to 4 Si atoms, a composition of Si C 0.17 O 1.66 is found for the silicon oxycarbide phase, which therefore contains only about 20 mol. of the total carbon since elemental analysis gives a total C/Si molar ratio of 0.62 ( Table 2) . A free carbon phase is thus present which accounts for 13 of the sample weight. The 
Conclusion
A cubic Fm3m periodic mesoporous organosilica (PMO) has been prepared from 1,2-bis(triethoxysilyl)ethane and PluronicF127. After heat treatment under argon at 1000°C the initial cubic structure has been retained confirming its thermal robustness. The analysis of N 2 adsorption/desorption isotherms reveals a still high BET surface area (260 m 2 / g) and average pore diameter in the range 4-6 nm. According to 29 Si MAS NMR and elemental analysis, the framework can be described as a SiCO glass with distribution of SiC x O 4-x units (where 0x4), which co-exists with a free carbon phase. The composition can thus be written: SiC 0.17 O 1.66 ＋0.45 C free . As reported by Kleebe et al. 37 ) the free carbon content might not be detrimental for high temperature behaviours in oxidative atmosphere of these materials as long as the carbon phase is not exposed directly to oxidation. Studies of the thermal behaviour at intermediate (T＜ 1000°C) as well as higher (T＞1000°C) temperatures are under progress.
